The high-spin rotational bands in odd-Z nuclei 159 Ho (Z = 67) are investigated using the cranked shell model with the pairing correlations treated by a particle-number conserving method, in which the blocking effects are taken into account exactly. 
Introduction
The investigations of the nuclear structure toward the extremes of angular momentum in the rare-earth nuclei have resulted in the discovery of various new phenomena, e.g., back-bending [1] , band termination [2] , signature inversion [3] , super-deformed band [4] wobbling motions in the triaxial strongly deformed nuclei [5] et al., which make this mass region an excellent testing ground for various nuclear models concerning on the fast rotating nucleus, e.g., the cranked Nilsson-Strutinsky method [6] , the Hartree-Fock-Bogoliubov cranking model with Nilsson [7] and Woods-Saxon potentials [8, 9] , the projected shell model [10] , the tilted axis cranking model [11] , the cranked relativistic [12] and non-relativistic mean-field models [13] et al. The transitional rare-earth nuclei with N ∼ 90 and A ∼ 160 are particularly rich in such phenomena. In this mass region, the nuclei are prolate deformed and with increasing angular momentum, the yrast structure contains a great number of rotational bands based on different quasiparticle configurations. Therefore, a complex picture of band crossings emerges due to rotation. One pioneer work is the backbending first discovered in 160 Dy [1] . Later on, it was interpreted as an alignment of one pair of i 13/2 neutrons [14] . Determining the nature of the backbending can help identify the quasiparticle configurations along the yrast line.
Previous investigations show that the mean-field models are capable of explaining the effects such as presence and absence of the backbending in the neighboring nuclei [15] or double backbending due to the coexistence of the neutron and proton alignments [16] . For a review, please see Ref. [17] . Usually, in most of these models, pairing correlations are treated by Bardeen-Cooper-Schrieffer (BCS) or Hartree-Fock-Bogolyubov (HFB) formalism. Now the BCS or HFB approximations have become standard methods in nuclear physics. However, along with their great success, both of them raise some concerns [18, 19] , nonconservation of the particle-number being one of them. Actually, all cranked HFB calculations show that a pairing collapsing occurs for angular momentum I greater than a critical value I c . In other words, the paring interaction has no effect in the high-spin region at I > I c in these models. The remedy in terms of the particle-number projection or the Lipkin-Nogami method can restore this broken symmetry. Previous investigations show that, after performing the particle-number projection, the description of the rotational properties can be improved considerably comparing with the HFB cranking calculations [15] . However, they complicate the algorithms considerably, yet without improving the description of the higher-excited part of the spectrum of the pairing Hamiltonian [19] . It is well known that pairing correlations are extremely important in the low angular momentum region, where they are manifested by reducing the nuclear moment of inertia (MOI) of the rigid-body estimation. Further investigation indicates that, at the high-spin region ( ω ∼ 0.8 MeV), although the MOI of rotational bands tends to be the same with or without pairing interaction, the backbending frequencies still have large differences [20] . Therefore, even at the high-spin region, the pairing correlations should be included and treated correctly in the theoretical models in order to understand some nuclear phenomena correctly.
As a typical example, the observed low-lying 1-quasiparticle bands in 159 Ho [21, 22] are analyzed by the cranked shell model with the pairing correlations treated by a particle-number conserving method [23] . In contrary to the conventional BCS or HFB approach, in the particle-number conserving method, the cranked shell model Hamiltonian is solved directly in a truncated Fock-space [24] . Therefore the particle-number is conserved and the Pauli blocking effects are taken into account exactly. The particle-number conserving method has been used to describe successfully the normally deformed and superdeformed high-spin rotational bands of nuclei with A ≈ 160, 190, and 250 [25, 26, 27, 28, 29, 30, 31, 32, 33] . The particle-number conserving scheme has also been implemented both in relativistic and nonrelativistic mean field models [34, 35] in which the singleparticle states are calculated from self-consistent mean field potentials instead of the Nilsson potential. Recently, the particle-number conserving methods based on the total-Routhian-surface method with the Woods-Saxon potential [36] and the cranking Skyrme-Hartree-Fock model have been developed [37] .
The paper is organized as follows. A brief introduction of the particlenumber conserving method for the cranked shell model is presented in Sec. 2. The numerical details are given in Sec. 3. The results and discussion are given in Sec. 4. Finally, a summary is given in Sec. 5.
A brief introduction to particle-number conserving method for the cranked shell model
The cranked shell model Hamiltonian of an axially symmetric nucleus in the rotating frame can be written as
where H Nil is the Nilsson Hamiltonian, −ωJ x is the Coriolis interaction with cranking frequency ω about the x axis, perpendicular to the nuclear symmetrical z axis, H 0 = H Nil −ωJ x is the one-body part of H CSM , and
is the pairing interaction
whereξ (η) labels the time-reversed state of a Nilsson state ξ (η), q 2 (ξ) = 16π/5 ξ|r 2 Y 20 |ξ is the diagonal element of the stretched quadrupole operator, and G 0 and G 2 are the effective strengths of monopole and quadrupole pairing interactions, respectively.
Instead of the usual single-particle level truncation in conventional shellmodel calculations, a cranked many-particle configuration truncation (Fock space truncation) is adopted which is crucial to make the particle-number conserving calculations for low-lying excited states both workable and sufficiently accurate [19, 24] . Usually a dimension of 1000 should be enough for the calculations of heavy nuclei. Previous investigation shows that when similar computational work is spent, the results obtained in the many-particle configuration truncation are much more accurate and reliable than those obtained in the single-particle level truncation [24] . An eigenstate of H CSM can be written as
where |i is an eigenstate of H 0 , i.e., a cranked many-particle configuration. By diagonalizing the H CSM in a sufficiently large cranked many-particle configuration space, sufficiently accurate solutions for low-lying excited eigenstates of H CSM are obtained. The angular momentum alignment for the state |Ψ is
and the kinematic moment of inertia of state |ψ is
Because J x is a one-body operator, i|J x |j (i = j) may not vanish when two cranked many-particle configurations |i and |j differ by only one particle occupation. After a certain permutation of creation operators, |i and |j can be recast into
where µ and ν denotes two different single-particle states, the ellipsis · · · stands for the same particle occupation, and (−1) Miµ = ±1, (−1) Mjν = ±1 according to whether the permutation is even or odd. Therefore, the angular momentum alignment of |Ψ can be expressed as
where the diagonal contribution j x (µ) and the off-diagonal (interference) contribution j x (µν) can be written as
and
is the occupation probability of the cranked orbital |µ , P iµ = 1 if |µ is occupied in |i , and P iµ = 0 otherwise. The B(E2) transition probabilities can be derived in the semiclassical approximation as [38] 
where Q p 20 correspond to the quadrupole moments of protons and
The experimental kinematic moment of inertia for each band is extracted by
separately for each signature sequence within a rotational band (α= I mod 2). The relation between the rotational frequency ω and nuclear angular momentum I is
where I x (I) = (I + 1/2) 2 − K 2 , K is the projection of nuclear total angular momentum along the symmetry z axis of an axially symmetric nuclei.
Numerical details
In this work, the deformation parameters ε 2 = 0.227 and ε 4 = −0.0205 are taken from Ref. [39] , which are taken as an average of the neighboring eveneven Dy (Z = 66) and Er (Z = 68) isotopes. The Nilsson parameters are taken from the Lund systematics (κ p = 0.0642, µ p = 0.596 for protons and κ n = 0.0637, µ n = 0.428 for neutrons) [40] and a slight change [for proton µ 5 = 0.546 (N = 5 major shell) and for neutrons µ 5 = 0.340] is made to account for the experimental bandhead energies of 1-quasiparticle bands (see Tab. 1). In addition, the proton orbital 1/2 − [541] is shifted upward by 0.050 ω 0 . The effective pairing strengths, in principle, can be determined by the oddeven differences in binding energies, and are connected with the dimension of the truncated cranked many-particle configuration space. In this work, the cranked many-particle configuration space is constructed in the proton N = 0 − 5 shells and the neutron N = 0 − 6 shells. The cranked many-particle configuration truncation energies are about 0.8 ω 0 for protons and 0.7 ω 0 for neutrons. For 159 Ho, ω 0p = 7.171 MeV for protons and ω 0n = 7.965 MeV for neutrons [41] . The dimensions of the cranked many-particle configuration space are about 1500 for both protons and neutrons in the calculation. The corresponding effective monopole and quadrupole pairing strengths are G 0p = 0.47 MeV and G 2p = 0.010 MeV for protons, G 0n = 0.32 MeV and G 2n = 0.008 MeV for neutrons. Previous investigations have shown that after the quadrupole pairing included, the description of experimental band-head energies and the level crossing frequencies can be improved [42] .
The stability of the calculations against the change of the dimension of the cranked many-particle configuration space has been investigated in Refs. [19, 23] . In the present calculations, almost all the cranked many-particle configurations with weight > 0.1% are taken into account, so the solutions to the low-lying excited states are accurate enough. A larger cranked many-particle configuration space with renormalized pairing strengths gives essentially the same results.
Results and discussion
It is well known that the traditional parameters (κ and µ) [41] used in the Nilsson Hamiltonian have been quite successful in describing the single-particle structure for stable nuclei, especially for those in the rare-earth and the actinide region. However, for the specific nucleus, this level scheme is unable to correctly reproduce the experimental bandhead energies of the low-lying excited 1-quasiparticle bands, which is very important for investigating the rotational properties of these nuclei, e.g., the level crossing frequencies et al. To illustrated this more obviously, the experimental and the calculated bandhead energies of 1-quasiparticle bands in 159 Ho are shown in Tab , whose excitation energy is still higher than the experimental value. If the Nilsson parameters (κ and µ) were adjusted more sophisticated, the calculated results may be improved further. In the following calculation, this slightly modified Nilsson level scheme will be adopted.
In Fig. 1 , the cranked Nilsson levels near the Fermi surface of 159 Ho (a) for protons and (b) for neutrons are shown. The positive (negative) parity levels are denoted by blue (red) lines. The signature α = +1/2 (α = −1/2) levels are denoted by solid (dotted) lines. Fig. 1 shows that near the Fermi surface there exists a proton sub-shell at Z = 66 while the neutron sub-shell structure is not very clear. of four low-lying rotational bands in 159 Ho. The experimental kinematic MOI's, which are extracted from the rotational spectra in Refs. [21, 22] , are denoted by black solid circles (signature α = +1/2) and red open circles (signature α = −1/2), respectively. The calculated MOI's by particle-number conserving method are denoted by black solid lines (signature α = +1/2) and red dotted lines (signature α = −1/2), respectively. The experimental MOI's of these 1-quasiparticle bands and their variation with rotational frequency ω are well reproduced by the particle-number conserving calculations except for 1/2 − [541], in which the calculated backbending frequency ( ω ∼ 0.28 MeV) is much smaller than the data ( ω ∼ 0.35 MeV). Moreover, the sharp backbending at ω ∼ 0.28 MeV in the experimental MOI's in Fig. 2(a) are not very well reproduced by the calculation. This is because in the cranking model, before and after the backbending, the two bands which have very different alignment from each other are mixed. In order to obtain the backbending effect exactly, one has to go beyond the cranking model and consider the two quasiparticle configurations in the vicinity of the critical region [44, 45] . The experimental and calculated alignments of four low-lying bands in 159 Ho are also shown in Fig. 3(a)-(d) . The alignments i x are defined as i x = J x − ωJ 0 − ω 3 J 1 and the Harris parameters J 0 = 23 2 MeV −1 and J 1 = 58 4 MeV −3 are taken from Ref. [22] . Similar with the MOI's in Fig. 2 , the experimental alignments of these 1-quasiparticle bands are also well reproduced by the particle-number conserving calculations except for 1/2 − [541]. It is well known that the first backbending in the odd-Z rare-earth nuclei is caused by the alignment of one i 13/2 neutron pair. As for 159 Ho, in principal, the backbending frequencies ( ω ∼ 0.28 MeV) for these four low-lying bands should be the same. The delayed crossing frequency in 1/2 − [541] is explained by the strongly prolate deformation driving effect, which has been confirmed from both the theoretical and the experimental sides [46, 47] . The calculated results with the deformation ε 2 = 0.25, which is about 10% larger than that of the ground state bands of the neighboring even-even nuclei, are also shown in Fig. 2(d) [or Fig. 3(d) ]. It can be seen that, the calculated backbending frequency ( ω ∼ 0.30 MeV) is still too small to reproduce the data ( ω ∼ 0.35 MeV) even after increasing the deformation. The calculated results can only reproduce a delay of about 20 keV, which is consistent with the cranked Woods-Saxon calculations in Ref. [46] . As discussed in Ref. [48] , except the deformation driving effect, this delay (∼70 keV) may also caused by other influences, i.e., the residual neutron-proton interaction.
It can be seen from the experimental data in Fig. 2(a) [or Fig. 3(a) ] that not very significant signature splitting appears in the ground state band 7/2 − [523] before the backbending ( ω < 0.28 MeV), while the splitting is reduced after the first alignment ( ω ∼ 0.30 MeV). At high rotational frequency ( ω > 0.40 MeV) region, significant signature splitting appears again. This signature splitting up to the backbending has been explained by the shape-driving effect of the h 11/2 quasiprotons [49] , which causes the nucleus to deviate from axial symmetry toward triaxial shapes with negative γ values [6] . As discussed in Ref. [22] , due to the alignment of i 13/2 neutrons which drive the nucleus back to axial symmetry, this splitting is reduced after the first alignment, and the reemergence of signature splitting at high rotational frequency region after the backbending may caused by the negative-γ driving influence of the high-K h 11/2 quasiprotons. In Ref. [50] , the significant signature splitting reemergence has also been discussed to have a large dependency on the quadrupole deformation and on the placement of the proton and neutron Fermi surfaces. In the particle-number conserving calculations, the significant signature splitting in the ground state band 7/2 − [523] at high rotational frequency ( ω > 0.40 MeV) region after the backbending is well reproduced, while there seems no signature splitting before the backbending, which is inconsistent with the data. Note that in the present framework of particle-number conserving method, the triaxial degree of freedom is not considered. Therefore, the significant signature splitting in the yrast bands of 159 Ho at high rotational frequency region after the backbending may not come from the negative-γ driving influence of the high-K h 11/2 quasiprotons as discussed in Ref. [22] . It can be seen in Fig. 1(a) that the signature splitting exists in the cranked single-particle levels of 7/2 − [523] at the rotational frequency ω > 0.40 MeV and the splitting increases with increasing rotational frequency. Therefore, the splitting observed in the yrast at high rotational frequency region after the backbending may come from the splitting in the single-particle levels. Moreover, it is well known that the second backbending in the rare-earth nuclei is caused by the alignment of one h 11/2 proton pair. In the particle-number conserving calculations, there is no such backbending up to ω ∼ 0.55 MeV, which is consistent with the data.
It can be seen in Fig. 2(b) [or Fig. 3(b) ] that the particle-number conserving calculations predict a splitting between the signature partners in 7/2 + [404] above ω ∼ 0.30 MeV, while the experimental data are not available at such high-spin region up to now. The cranked single-particle levels of 7/2 + [404] in Fig. 1(a) show that there is no signature splitting in the single particle part. So it is also interesting to investigate where this splitting comes from. In the following, the signature splittings in the yrast band 7/2 − [523] and the first excited band 7/2 + [404] are discussed in detail. If the proton-neutron residual interaction is neglected, the splitting between the signature doublets in the odd-Z nuclei only comes from the contribution of the protons. In Fig. 4 . One of the advantages of the particle-number conserving method is that the total particle number N = µ n µ is exactly conserved, whereas the occupation probability n µ for each orbital varies with rotational frequency ω. By examining the ω-dependence of the orbitals close to the Fermi surface, one can learn more about how the Nilsson levels evolve with rotation and get some insights on the level crossings. In order to learn why there exists a signature splitting in the first excited band 7/2 + [404] at ω > 0.30 MeV in the particle-number conserving calculations, the occupation probability n µ of each orbital µ near the Fermi surface for 7/2 + [404] with signature α = +1/2 (black solid lines) and α = −1/2 (red dotted lines) in 159 Ho are shown in Fig. 6 . The Nilsson levels far above the Fermi surface (n µ ∼ 0) and far below (n µ ∼ 2) are not shown. It can be seen that, for the signature α = +1/2 band, the 7/2 + [404] always occupied from the beginning to the end, while for the signature α = −1/2 band, the occupation probability drops drastically to nearly zero at ω ∼ 0. Fig. 1(a) , we can see that the cranked single-particle level of 1/2 + [411] (α = −1/2) drops with increasing rotational frequency and acrosses 7/2 + [404] at ω ∼ 0.20 MeV. Note that in the cranked single-particle levels, the pairing interaction is not included. After taking into account of the pairing interaction, the level crossing frequency will be delayed. Due to the consistency of the calculated bandhead energies of these 1-quasiparticle states with the data, this level crossing in the particle-number conserving calculation is reasonable. Therefore, the splitting in 7 , crossing of two bands with different configurations can lead to a structure change before and after the crossing, which can give rise to observable effects. Using the semiclassical approximation, the B(E2) transition probabilities can be obtained according to Eq. (12) . Note that in the framework of particle-number conserving method, the B(E2) transitions of the antimagnetic rotation bands in 105,106 Cd have already been investigated and the data are reproduced quite well [51] , which lead to a structure change in the many-body wave functions. Note that the valence single-particle space is constructed in the major shells from N = 0 to N = 5 for protons when the B(E2) values are calculated, so there is no effective charge involved in the calculation of the B(E2) values. Due to experimental difficulties, little information on transition properties can be found for 159 Ho. Therefore, these calculations on B(E2) transition probabilities may be suggested for future experiments.
Summary
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